Various latest experiments have proven the theoretical prediction that domain walls in planar magnetic structures can channel spin waves as outstanding magnonic waveguides, establishing a superb platform for building magnonic devices. Recently, three-dimensional nanomagnetism has been boosted up and become a significant branch of magnetism, because three-dimensional magnetic structures expose a lot of emerging physics hidden behind planar ones and will inevitably provide broader room for device engineering. Skyrmions and antiSkyrmions, as natural three-dimensional magnetic configurations, are not considered yet in the context of spin-wave channeling and steering.
y, z; t) normalized by its saturation value Ms, and Heff =  (1/μ0)δE/δM is the effective field with μ0 denoting the vacuum permeability. The total energy E = Ed + Ex + Eu + EDM + EZ is the sum of magnetostatic, exchange, anisotropy, DMI and Zeeman energy terms.
The open-source code OOMMF (38) was used to carry out all the simulations. We searched for the equilibrium magnetization states of the prism by relaxing it from a numerically conjectured skyrmion-like state over a range of values of Hbias (the static biasing field, always along +z), Ku (the perpendicular magnetocrystalline anisotropy), and D (the DMI strength), and identified the parameter window in which a single skyrmion tube can exist as a (meta)stable spin configuration.
Three sets of simulations were made to investigate the dependence of equilibrium spin configuration on material parameters. In each simulation set, one of the three quantities D, Ku, and Hbias is chosen to be free, while the others stay fixed. Here, we specially chose a shorter prism with a size of 100×100×100 nm 3 and discretized it using 1×1×1 nm 3 cells for better numerical accuracy. In each individual calculation, we start from a skyrmion-like spin texture in the prism and then let the entire system freely relax, till a specified stopping criterion, i.e., max{|m×(H eff ×m)|} = 0.01 A/m, is met. It is seen that a single skyrmion tube can exist in the prism at equilibrium over a broad interval in the parameter space.
In dynamic simulations, we did not directly include an antenna, but simply adopted an excitation field with a spatial profile as specified in Fig. 1(e) , to mimic the real field arising from an antenna (39). The prism was divided into a regular array of meshes of 2×2×2 nm 3 to attain a tradeoff between computation speed and numerical accuracy. The Gilbert damping was set to α = 0.01 (40) throughout the prism except at the absorbing boundary region, where its value is enhanced to 0.5 or higher (41).
For a given type of DMI, the considered magnetic background for the magnons is either a single skyrmion-tube or a quasiuniform single-domain state. The excitation field h(x, y; t) = H0ꞏS(x, y)ꞏP(t), is applied locally to the middle cross-sectional plane of the prism, and has a spatial profile S(x, y) = To clarify the wave-guiding characteristics, we inspect the magnon dispersion along five separate straight lines (marked as 1-5 in the inset to Fig. 2) , which all run parallel to the long axis of the prism. Five sets of dispersion relations for the antiSkyrmion tube and quasiuniform single domain are shown in Figs. 2(a) and 2(b), respectively. Clearly, there are propagating spin waves along the square prism, regardless of the assumed static spin configuration. For the antiSkyrmion tube, the lines #1-5 display diverse dispersion characters. Going from the periphery to the interior of the cross-sectional plane, a low-lying dispersion branch emerges and gradually dominates the original branches. However, for the quasiuniform single domain, from lines #1 to #5, the entire set of dispersion curves barely change except for some slight fluctuation in the Fourier amplitude. That is, new propagating magnon modes can be brought into the prism, when the quasiuniform single domain is transformed into the antiSkyrmion tube. These nascent spin waves travel along the inner line (#3-5) and exhibit a reduced band gap, similar to propagating spin waves along domain walls in a magnonic fiber waveguide (9).
To uncover the nature of excitations in the prism, we show the mode propagation patterns for excitations at chosen frequencies; some of them are shown in Fig. 3 . In each panel, we represent the Fourier amplitude and phase profiles of excitations on three rectangular cut-planes (x = w/2; y = w/2; y = x) and three cross-sectional planes (z = l/4, l/2, 3l/4), to resolve the mode structure. For the quasiuniform single-domain state, the frequency 19.76 GHz falls into the forbidden band; therefore, spin waves at this frequency will attenuate immediately in space after emission from the excitation region (see Fig. 3(b) , the amplitude patterns on the rectangular cut-planes) and form chaotic mode patterns on the two off-center cross-sectional planes. Nevertheless, once the excitation frequency surpasses a threshold value (~32 GHz), such edge spin waves can escape from the magnon injection region and freely travel along the prism. For both types of skyrmion tubes, we use the same excitation field with cylindrical symmetry.
Then, the unique symmetry of the magnetic background determines the symmetry of the allowed eigenmodes. The magnetization configuration in an antiSkyrmion tube breaks the cylindrical symmetry and generates a quadrupolar moment of magnetostatic charges (23, 45) , whereas that in a Skyrmion tube preserves the cylindrical symmetry. This structural difference between the Skyrmion and antiSkyrmion tubes is the reason why the rotational modes are not activated for the Skyrmion tube. Simply lowering the symmetry of the excitation field, e.g., redirecting it along the x-axis, would enable the excitation of rotational modes on the Skyrmion tube.
In the preceding sections, we analyzed the results in the language of eigenmodes of magnetic skyrmions (30) . Indeed, the energy-well picture (46) may provide a more direct understanding of spin-wave channeling along skyrmion tubes. Figure 6 shows the internal-field landscapes for the magnetic skyrmions and quasiuniform single domains, suggesting the existence of potential wells.
For the skyrmion tubes, the energy well surrounds the skyrmion core where an exceedingly high energy barrier arises. In contrast, for the quasiuniform single domain, the energy well appears at the boundary region. Actually, the internal field of the skyrmion tubes also involves an edge potential well, which is nevertheless not resolved in this figure because of a small depth.
Once excited, an energy well will support localized modes, and then propagate them if the well is adequately extended in a certain direction (9). This lays the foundation for guiding spin waves through the skyrmion tubes. It can also explain why the internal channels exhibit a much smaller band gap considering the fact that the central potential well is deeper than that at the edge . We would like to make some additional notes regarding the dispersion maps as well as the propagation patterns. Turning back to Figs. 2 and 4, we are aware that each panel in these figures contains multiple dispersion branches, implying that, for both the internal and edge channels, not only the lowest-order (fundamental) mode is excited by the excitation field, but also the higher modes are excited, causing the copropagation of multimodes with different order numbers (47).
These coexisting multiple modes superpose and interfere with each other, which is the reason why periodic amplitude modulation frequently happens to the propagation patterns (47) . Identification of the order number and mode structure of each mode requires elaborate data-fitting work (48) and is beyond the scope of the current study.
Moreover, the propagation patterns for the Skyrmion tube look cleaner than that for the antiSkyrmion tube. This might be ascribed to the sharp contrast between the amplitudes of the edge and internal spin waves with the Skyrmion tube, and the fact that, for the Skyrmion tube, excitation of the rotational modes is prohibited and only the breathing mode is permitted suppressing the number of allowed modes.
Because of the decreased symmetry of the magnetization distribution, the antiSkyrmion tube exhibits more complex mode excitations compared to the Skyrmion tube, which makes it more difficult to understand the behavior of spin waves in the antiSkyrmion tube, in particular the mechanism for the demonstrated mode conversion. More systematic investigations are needed to elucidate the full detail. In particular, other forms of excitation fields with distinctive symmetries should be employed to activate more available modes. In spite of the absorptive boundary condition, the spin-wave propagation patterns exhibit the character of standing waves, complicating the analysis of mode structures. In this process, part of the spin-wave energy is reflected back from the physical boundary and interferes with the forward-propagating spin waves. Usage of an extremely long prism can suppress this reflection effect but will sharply increase the computation time. In simulations of the Skyrmion tube, we did not change the material parameters from those used for the antiSkyrmion tube, apart from changing the Lifshitz invariant (34,35) to yield a bulk-type DMI. Consequently, the material parameters (23) used for the Skyrmion tube are not representative of typical materials in which Skyrmions are commonly found. This fact does not restrict the validity of the relevant results, because the qualitative aspect rather than the numeric precision of the findings is at the core of the present work exploiting the feasibility of channeling spin waves through skyrmion tubes. Using skyrmion tubes to guide spin waves permits constructing multichannel magnonic waveguides from an extended magnetic sample in which skyrmion tubes can occur as an array or a lattice. Such a waveguide no longer requires patterning a sample into restricted geometry which greatly simplifies the fabrication procedure. Interestingly, directional emission of spin waves (52) in a bulk sample from a point source will be possible if magnetic bobbers (53) were utilized as magnonic waveguides. Intriguingly, a magnonic multiplexer (13,54) can even be realized in a bulk crystal of chiral magnets that contains a merging pair of Skyrmion tubes (55) wherein a spin-wave 14 beam will split into two separate beams at the point of coalescence.
Vertical stacking of strip-shaped magnonic waveguides can yield nonplanar magnonic devices, which take advantage of the third dimension to save the chip area and thus would be desirable in practical applications. In such a stack structure, efficient signal delivery though the junction to all the involved planar elements and communication between any two elements are not easily attainable and anticipated to be fulfilled by magnetizing the entire stack into the out-of-plane direction and then injecting a skyrmion tube into the junction. Here, the introduction of the skyrmion tube, as a signal bus, is expected to enhance the transmission of spin waves.
The skyrmion-based magnonic waveguides share some analogies with their domain wall-based counterparts (8-13): Both of them originate from the coherent propagation of locally excited eigenmodes and are confined to the potential well associated with the static spin configuration.
However, spin-wave beams inside them show striking difference: the beams along domain walls are "solid" and tied to the surface of the magnetic layer; those beams along skyrmion tubes are "hollow" and remote from the surface of the magnetic prism. Thus, it would be more challenging to detect the internal spin waves in the skyrmion-based magnonic waveguides.
In summary, we demonstrate through micromagnetic simulations that Skyrmion and antiSkyrmion tubes can function as nonplanar magnonic waveguides. This theoretical proposal of a novel type of spin-wave channeling mechanism, enables the creation of nanometer-scale spin-wave beams in extended chiral magnets without requiring hard structuring, and opens an alternative route toward nonplanar 3D magnonic devices. . In this theoretical study, the antenna is factitiously embedded into the prism without breaking the sample for a direct comparison of the oppositely propagating spin waves. In a realistic device, such an insertion is impossible unless the prism is cut into two pieces. Thus, in an experimental study, one can place the antenna on top of a square surface of the prism.
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(40) We note that α = 0.01 is a very low value for known DMI materials. Choosing such a low value in a computation study (8-10,12) enables strong excitation and long-distance propagation of spin waves, without modifying the key physics, and therefore is favorable for the identification of the mode structures of spin waves.
The pioneering theoretical works (8,9,12) of domain wall-based magnonic waveguides also assumed low damping values for DMI materials. 
